Abstract Protein kinase inhibitors are a well-established class of clinically useful drugs, particularly for the treatment of cancer. Achieving inhibitor selectivity for particular protein kinases often remains a significant challenge in the development of new small molecules as drugs or as tools for chemical biology research. This review summarises the methodologies available for measuring kinase inhibitor selectivity, both in vitro and in cells. The interpretation of kinase inhibitor selectivity data is discussed, particularly with reference to the structural biology of the protein targets. Measurement and prediction of kinase inhibitor selectivity will be important for the development of new multi-targeted kinase inhibitors.
Introduction
Protein kinases catalyse the transfer of the terminal phosphate group from adenosine triphosphate (ATP) to the hydroxyl group of a serine, threonine or tyrosine residue of the kinase itself or another protein substrate. The addition of phosphate groups can create new recognition sites for other proteins to bind to or may alter the conformation of the phosphorylated protein and change its activation state or function [35, 73, 124] . Protein kinase enzymes play pivotal roles in signal transduction, transfer of a signal from the cell membrane to the nucleus and cell-cycle control. Some tyrosine kinase (TK) domains are part of receptor tyrosine kinases; proteins that span the cell membrane and are involved in transducing growth and survival signals into the cell in response to external growth factor stimuli. Because of their importance in cell-cycle progression, cell growth, apoptosis and metabolism amongst other processes, modulating protein kinase activity has the potential to treat diseases, particularly cancer and other signalopathies [89] . Kinases involved in inter-and intracellular signalling are frequently found to be mutated in cancer cells, leading to constitutive over or under activation. This abnormal signalling can result in uncontrolled cell growth and proliferation and so by specifically targeting the signal transduction pathways in which oncogenic kinases are involved it may be possible to prevent aberrant cell growth and other behaviours [10, 39, 40, 112] .
Kinases were not necessarily considered good drug targets when the study of pharmacological inhibitors began [145] . As the cellular concentrations of ATP are high, typically 1-5 mM [64, 135] , it was thought that a high concentration of drug would be needed for efficacy with ATP-competitive inhibitors, bringing potential toxicity problems. Another concern was that the large number of protein kinase enzymes, all sharing a common cofactor and similar three-dimensional structure of the catalytic site, might confound attempts at developing adequately selective drugs. As small-molecule inhibitors of protein kinases are now well established as clinically useful drugs, particularly for the treatment of cancer [37, 40] , it can be seen that these problems have not proven to be insurmountable.
There are currently eight approved kinase inhibitors in use in the clinic which bind in the ATP binding site (Table 1) . These target a range of protein kinases, although tyrosine kinase inhibitors dominate, and are used to treat a variety of cancer types [133] . Considerable medicinal chemistry effort has been directed towards kinase targets, and this has increased over the last decade [37, 38, 143] . However, routinely achieving drug selectivity for particular protein kinases remains a significant challenge. Defining, measuring and engineering inhibitor selectivity has become a critical activity, both in the development of new drugs and in the application of the inhibitors as tools for chemical biology research. The terms specific (explicit, particular or definite (Collins English Dictionary)) and selective (characterised by careful choice (Collins English Dictionary)) are often used to describe compound kinase inhibitory activity. While research initially focussed largely on finding monospecific or very highly selective kinase inhibitors for therapeutic use, clinical experience and a growing under-standing of kinase biology shows that compounds with a broader pattern of inhibitory activities can be effective [80, 84, 116] . Nevertheless, such compounds still need to be selective inhibitors of a well-defined set of kinase enzymes. This review summarises the methodologies available for measuring and interpreting kinase inhibitor selectivity, both in vitro and in cells, and describes how these data could be applied to the development of new multi-targeted kinase inhibitors.
Protein kinase structure and selective inhibition
There are more than 500 protein kinases coded for in the human genome. These have been grouped into families based on their similarity in amino acid sequence of the catalytic domain [100] . They comprise of two main domains, an N-and C-terminal domain. The cofactor ATP binds to the backbone of the linker region between the domains, also called the hinge region (Fig. 1) [35, 75, 82, 104] .
Many protein kinases have a catalytically active and inactive state. In the inactive state, it has been noted that the structures of the catalytic domain are more diverse. When the kinase is activated, often by phosphorylation on the activation loop ( Fig. 1 ), it adopts a shape which is able to bind ATP with the binding site open and the necessary residues correctly orientated to carry out the phosphate transfer [55, 75] . The DFG motif is a conserved sequence of three amino acids, aspartate (D), phenylalanine (F) and glycine (G) which forms part of the ATP binding site in the active kinase. A further conserved aspartate residue in the catalytic domain may aid in the phosphate transfer by deprotonating the substrate hydroxyl group enabling it to more readily attack and remove the terminal phosphate from ATP [75] . The catalytic domain in the active conformation has been well characterised and an early pharmacophore model built to describe the ATP binding site has been successfully used for rational drug development [136] (Fig. 2) . Although the ATP binding site is quite conserved, the adjacent areas not occupied by ATP itself are more variable, particularly the interior hydrophobic pocket and the solvent-exposed specificity surface. Thus, by making inhibitors that bind to these areas, more specificity may be obtained [35] . An example of a kinase inhibitor which targets these areas is dasatinib (Fig. 3) [95] .
Kinase inhibitors can target the active or inactive conformations of the enzyme and may be directed towards the ATP-binding site, the substrate binding site or allosteric sites [89, 124, 143] . There are benefits and drawbacks associated with each of these strategies. One benefit of targeting the active state is that the ATP binding site is well characterised and many X-ray crystal structures are available which can aid in the design of new inhibitors. The availability of X-ray crystal structures and the rigidity and conserved structure of the ATP binding domain enable rational inhibitor design using docking and virtual screening methods [24, 113] . On the other hand, as the ATP binding site structure of active kinases is so conserved throughout the class, it may be more difficult to gain specificity for a particular kinase. [136] . Grey shading indicates non-conserved regions. GK gatekeeper residue For inactive kinases, although specificity is possibly easier to obtain as a greater diversity of protein conformations is possible, less is known about these conformations, so designing inhibitors becomes more of a challenge [55, 94] . Nevertheless, general pharmacophore models of inhibitor binding to inactive kinases have been developed (Fig. 4) , and there are a number of kinase inhibitors which target this inactive state, such as sorafenib (Fig. 5) . A key feature of the inactive kinase protein structure is the opening up of an extended hydrophobic pocket as the activation loop adopts the 'DFG-out' position and disrupts the arrangement of the catalytic residues. A version of this model has been applied to rationally design inhibitors that bind and stabilise the inactive conformation of protein kinases. Through in silico modelling of the catalytic site in the inactive conformation, it was proposed and subsequently confirmed that the incorporation of a large, lipophilic trifluoromethylbenzamide group at certain positions of known active conformation inhibitors could transform them into inhibitors binding the inactive kinase conformation [106] .
One of the main problems that has emerged with targeting inactive kinases is the susceptibility to loss of inhibitor activity due to mutation. In an active kinase, a mutation preventing the binding of an inhibitor will often abolish kinase activity (by preventing ATP binding or catalysis) and, therefore, cannot be tolerated. In contrast, inhibitors bind to different residues in the inactive kinase, mutations of which are often less important for ATP binding and catalytic activity and are, therefore, better tolerated. The mutated form remains a functional enzyme, but one to which the inhibitor can no longer bind [104] . This has been demonstrated in the case of imatinib where mutations in the catalytic domain of the Abl kinase can lead to imatinib resistant chronic myeloid leukaemia (CML), a disease that is driven by the Bcr-Abl oncogene [62] . There are a number of possible mutations leading to imatinib resistance [132] . Many patients have only one single point mutation preventing drug binding and leading to relapse. One of these mutations is T315I, which is a gatekeeper mutation preventing inhibitor access to the hydrophobic pocket and removing one of the crucial hydrogen bond donors used for imatinib binding [62, 143] .
Targeting sites on protein kinases other than the ATP binding site is a means of circumventing the possible problem of competing with high cellular ATP levels. Substrate or protein partner binding sites can be targeted [22, 31] , although these often involve protein-protein interactions over large surface areas which are difficult to inhibit with small molecules [80] . Some kinases also contain allosteric sites, pockets remote from the ATP binding site into which inhibitors can bind, altering the overall conformation of the catalytic domain and inhibiting the enzyme (Fig. 6) [41, 90, 134] . These may be more easily targeted by small molecules than substrate binding sites as they do not involve disrupting protein-protein interactions, but not all kinases have a known suitable allosteric site. Nonetheless, because allosteric inhibitors may avoid many of the problems associated with ATP-competitive kinase inhibition, there is a lot of interest in finding them [23] . In particular, allosteric sites offer the possibility of very highly selective or mono-specific inhibitor profiles. Proof of concept for this approach has been demonstrated by the discovery of potent and highly selective inhibitors of Akt that bind to an allosteric site located between the kinase domain and the N-terminal regulatory pleckstrin homology domain of the kinase [17, 28, 93] . The inhibitors are selective not only for Akt over other very closely homologous enzymes in the AGC sub-family but can also differentiate between the three isoforms of the kinase.
The importance of determining selectivity
Many kinase inhibitors already in clinical use to treat cancer are in fact not selective for one particular kinase but target several [84] . This can not only bring efficacy benefits where the other kinases inhibited are also oncogenic or involved in driving cellular malignancy but it also potentially increases the risk of unwanted effects and toxicity. Of course, side effects can be due to interaction with other enzymes, ion channels or receptors as well as the inhibition of other kinases. It is important, therefore, to know what biomolecular targets drugs can interact with and what enzymes they can inhibit [59] .
In recent years, it has been pointed out that there can be benefits to having selective but non-specific inhibitors as drugs [46, 71, 116] . One is that a spectrum of kinase inhibitory activities can lead to approved drugs being effective for treating diseases other than those initially targeted. Imatinib, developed and first used in the clinic as a Bcr-Abl inhibitor to treat CML, was subsequently shown to have clinical efficacy against gastrointestinal stromal tumours (GIST) due to its inhibition of c-Kit [47, 145] . Dasatinib is a dual Src/Abl kinase inhibitor which was shown to be effective against a range of tumour types. The compound also inhibits PDGFR and its activity has been attributed to its multi-targeting of tyrosine kinases [33, 95, 145] .
Nilotinib was developed as a second generation agent for CML in response to the observation of drug resistance in imatinib-treated patients. The compound has activity against almost all known mutant forms of Bcr-Abl [105] . It also inhibits c-Kit and PDGFR which are oncogenic targets in a number of tumours such as GIST [43, 56] . Again, this is a multi-tyrosine kinase inhibitor and this multitargeting is a potential benefit in the clinic as the same drug can be used to treat a variety of cancers and overcome some resistance problems. The clinically approved agents sunitinib and sorafenib are also inhibitors of multiple tyrosine kinases [36, 141] .
Lapatinib is a dual inhibitor of Erb-2 and EGFR [117, 123] . Overexpression of either Erb-2 or EGFR receptor tyrosine kinases is implicated in a range of cancer types, and overexpression of both in ovarian cancer leads to poorer prognosis. Thus, a dual inhibitor of these targets is a potentially desirable profile. Tumour growth arrest by lapatinib was shown in human tumour xenografts [142] , and the compound was approved for the treatment of breast cancer in 2007. Other groups have also investigated dual Erb-2/EGFR inhibitors [119, 139] .
The concept of targeting a defined range of protein kinases is now increasingly apparent in reports of preclinical drug discovery, and there are many examples of dual inhibitors in the recent literature. These sometimes target kinases in the same kinome sub-family [42] but can also be directed against two functionally related kinases from different kinome sub-families, as in the example of dual inhibitors of Chk1 and Wee1 which are both involved in the G2 cell cycle checkpoint [130] . Studies by several groups have shown that dual inhibitors of the protein kinase mTOR and the lipid kinase phosphoinositide 3-kinase (PI3K) may have better efficacy in certain cancer types compared to more specific inhibitors [5, 20, 32, 51, 67, 110, 118] . The design of dual mTOR/PI3K inhibitors addresses a potential limitation of the mTOR inhibitor rapamycin. Inhibition of mTOR by rapamycin and analogues causes a compensatory upregulation of the upstream signalling kinase Akt due to release of a negative feedback loop [108] . By simultaneously inhibiting the pathway at two points-upstream and downstream of Akt-this can be overcome. Although PI3K is a lipid kinase rather than a protein kinase, it is also involved in oncogenic pathways and contains an ATP binding site similar to the protein kinases, allowing it to be inhibited with similar compounds.
Thus, for drugs, inhibiting more than one kinase may be beneficial as long as these are therapeutically useful targets, for example involved in overactive pathways in cancer. However, knowledge and control of selectivity is still important as off-target kinase inhibition can also cause toxicity [68, 144] . For example, the inhibition of AMPK and some tyrosine kinases has been linked with cardiotoxicity through the sensitivity of cardiomyocytes to disruption of cellular energy production [57] . A number of TKs have been implicated including Abl, which has an identical kinase domain to the fusion protein Bcr-Abl that is the primary target of imatinib in CML. To overcome the cardiotoxicity of Abl inhibitors, a structure-based approach involved adding a methyl group to imatinib to prevent binding to Abl and Bcr-Abl while retaining other TK inhibitory activities [54] . As the anti-tumour activity of imatinib in some tumour types is due to inhibition of kinases other than Bcr-Abl, notably c-KIT in GIST, new compounds without the Abl activity still have the potential for efficacy in these diseases.
Measuring the selectivity and understanding the common features of the binding of unselective kinase inhibitors may help in the design of less promiscuous inhibitors or at least allow hits from screening libraries to be prioritised to select scaffolds with greater potential for specificity [7, 8] . This approach may also be useful in the design of multitargeted inhibitors with controlled selectivity profiles by defining chemical classes that have a consistent bias towards a clear selectivity pattern. Moreover, there is an argument that inhibitors that are to be used as pharmacological tools to understand biological systems need to be as selective as possible [3] . If a compound inhibits multiple kinases, its biological effects may not be easily attributable to specific targets, making their function more difficult to elucidate. At the least, knowledge of the kinome inhibitory profile of tool inhibitors is an important part of assessing their fitness for use as pharmacological probes [14] .
Recently, it has become common practice that the inhibitory activity of new inhibitors will be measured against a panel of protein kinases [70, 109] . Many groups choose to concentrate on kinases in the same family and, therefore, with similar ATP binding site sequences [114, 148] . Another approach is to measure effects on functionally related kinases, as inhibiting more than one enzyme on the same signalling pathway may make a significant difference to the action of a drug [51] . Many others screen against a wide variety of kinases to get an overall view of selectivity [70, 109] . This wider kinome profiling was not always applied, and it is now being found that compounds which were thought to be mono-specific or highly selective inhibitors are not as selective as first believed [14] .
Measuring the inhibition of substrate phosphorylation
There are many ways of measuring kinase activity, and these are reviewed regularly in the literature [97, 107] . They have varying advantages and disadvantages, and different techniques may be more suitable for a particular kinase or compound set (Fig. 7) . One of the first and most widely used assays involves radiolabelled [ 32 P]-or [ 33 P]-ATP. This allows the direct detection of phosphorylation of a substrate peptide or protein by a kinase of interest [69] . Cohen et al. have pioneered screening for kinase inhibitor selectivity using panels of enzymes, often using incorporation of [ 33 P] into substrates in 96-well plate format [13, 14, 44] . Most recently they have screened 65 compounds against 70-80 protein kinases, showing that many inhibitors previously described as 'selective' have activity on a number of protein kinases. Some have activity on related family members and others have broader kinome-wide activity. However, many were also shown to be highly specific with respect to the panel of kinases used [14] .
While measuring incorporation of radioactive phosphate directly provides few sources of interference in the assay, there can be associated limits on the amount of radioactivity that can be used and the need for specialist disposal. As a result, non-radioactive methods are also widely used, such as fluorescent and luminescent endpoint assays, although these may have their own disadvantages [97, 121] . One is the fact that a significant number of organic compounds are coloured or fluorescent and can interfere with the results [25, 65] . Another is that many of the assay formats require specific phosphopeptide antibodies to detect the conversion of substrate. Although there is an available phosphotyrosine antibody which can be used for any phosphorylated tyrosine residue [121] , it has proven much harder to find general antibodies recognising serine/threonine phosphorylation, and separate antibodies are needed for each peptide used. Thus, significant time and effort may be needed to develop antibody reagents for such assays [120] .
Another more recently introduced way of directly measuring substrate phosphorylation is by using mobility shift assays. This method involves the electrophoretic separation of phosphorylated and non-phosphorylated short peptides based on their charge. The peptides are tagged with a fluorescent marker for detection [49, 76] . These assays can be carried out in 384-well plate format and have been used in high-throughput to screen 32,000 compounds [115] as well as for screening inhibitors against kinase panels. Electrophoretic separation assays have been compared with a radiometric assay format and found to be more reliable [29] . In our own research, we have used this technology to profile both potent kinase inhibitors and also to investigate the selectivity patterns of low molecular weight fragments (MW < 200) tested at high compound concentrations ( [131] ; Smyth et al. unpublished results).
Measuring the binding affinity of kinase inhibitors
As well as biochemical assays to measure phosphorylation, competitive binding assays can be used to measure the dissociation constant (K d ) of an inhibitor-kinase complex (Fig. 8) . These generally involve an ATP mimic or competitive inhibitor which is used as a probe and is in competition with the inhibitor of interest. The K d can then be calculated from the amount of probe bound to the kinase compared to a control (Fig. 8a) . The probes are often attached to fluorescent markers in order to detect them [87] . In one case, staurosporine or close analogues have been used as probes without additional markers, since excitation of the compounds at 296 nm results in emission at 378 and 396 nm [74] . The fluorescence is enhanced on binding to the ATP binding site of the kinase, allowing a comparison between binding in wells with and without inhibitor. Although this study looked at screening compounds against a single kinase, Src, one could see the possibility of using the same probes to profile an inhibitor against a number of kinases. There was interference from some of the compounds tested, as they fluoresced at the same wavelength as the staurosporine analogues.
Ambit Biosciences have described a binding assay to determine the K d of up to 38 kinase inhibitors against 317 protein kinases using an immobilised 'probe' ligand which binds to the ATP binding site [50] . Human kinases were expressed fused to a bacteriophage and were incubated with the immobilised probe and the inhibitor of interest (Fig. 8b) . The kinases bound to either the probe ligand or the unbound test compound. After a wash step, the amount of kinase bound to the immobilised probe was determined by quantifying the immobilised bacteriophage using plaque assays or quantitative polymerase chain reaction. The binding constants obtained by this method agreed well 50 values from phosphorylation inhibition assays [50, 77] .
Another way of assessing inhibitor binding to kinases is to use affinity chromatography (Fig. 8c) . This technique has been applied to look for inhibitors of specific kinases by immobilising the enzyme onto beads and running a solution of small molecules through. By coupling this to mass spectrometry, the ligands which bind can be identified [129] . The same approach can also be used to look at inhibitor selectivity by immobilising the inhibitor and running proteins or cell lysates through the functionalised resin. Bound proteins are eluted from the affinity resin, purified by gel electrophoresis or Western blotting and identified by immunoblotting, protein staining or mass spectrometry. One limitation with immunoblot detection is that the choice of antibodies determines which protein targets are detected. This approach was used to investigate the interactions of sunitinib, and a number of new targets were found [60] . Affinity chromatography of cell lysate, followed by electrophorectic separation of the captured proteins and their identification by mass spectrometry, was employed to determine the cellular targets of the EGFR inhibitor gefitinib [149] . Immobilised roscovitine was also studied in this way, and binding to pyridoxal kinase was discovered in addition to the expected targets [12] . Although effective for identifying targets and detecting the pattern of proteins an inhibitor can bind, one limitation with affinity chromatography of this type is the inability to immediately quantify the relative strength of binding when cell lysates are used. The relative abundance of each kinase A biophysical method for assessing inhibitor binding to kinases uses thermal shift data [52] . This compares the difference in the melting temperature (T m ), the temperature at which the protein unfolds, in the presence or absence of the inhibitor. The degree of denaturation is measured using a peptide-binding dye. Tight binding inhibitors stabilise the peptide in its folded conformation, raising the T m . Using this technique, the selectivity of 156 kinase inhibitors against a panel of 60 serine/threonine kinases was assessed.
Microarrays, miniaturisation and proteomic methods
In order to improve efficiency, some of the assays described above have been miniaturised so they can be run on 1536-and 3456-well plates and used for high-throughput screening and kinase profiling [18, 120] . The main advantages to these techniques are the reduction in the amount of materials needed and the increased amount of information obtained. Even more screening can be carried out at once by using microarrays, of which there are numerous types involving the immobilisation of peptides, proteins or ligands (Fig. 9a, b) . A number of types of surfaces are used, including glass, nanowell and 3D-surface structures. Immobilisation can be carried out by using high affinity interactions such as streptavidin-biotin, surface adsorption or covalent interactions. These and other considerations are covered in detailed reviews [48, 98, 146] . To determine the inhibitory profile of single compounds against multiple kinases, the most useful approach would be to use a protein array [96] . However, there are problems associated with immobilising enzymes on chips as they may denature easily and lose activity. The orientation of the bound proteins with respect to the surface is also important so that none of the binding sites are blocked or altered by the immobilisation. Different post-translational modifications may lead to proteins with varying activity so it may be necessary to make a number of forms of the protein in order to investigate the activity fully. These issues have meant that interactions are not always seen where expected, and it is advisable to use multiple techniques to confirm the activities observed [88] .
Peptide substrates or test compounds have been simply arrayed on glass slides and other assay components sprayed onto the chips, avoiding some of the problems associated with immobilised protein microarrays [99] . Potential inhibitors can be arrayed and the enzymes and fluorescencetagged substrates subsequently sprayed onto the chip. Various detection methods are used, for example, in some cases the substrates fluoresce where they have been phosphorylated by the enzyme of interest. This method has been adapted for kinase inhibitor profiling using an immobilised tyrosine-containing peptide substrate on streptavidin slides [72] . The test inhibitors were arrayed on top of the peptide and the appropriate kinase was sprayed onto the slide. As the phosphorylated peptide was immobilised, wash steps could be included in the assay, and antibodies were used to recognise the phosphorylated tyrosine followed by a second fluorescent-labelled antibody. The technique was demonstrated using four kinases, but extension to a wider panel could be envisaged.
Patterns of kinase inhibitor selectivity can emerge as part of proteome-wide screening as well as from dedicated kinase profiling. For example, the yeast three-hybrid approach has generated new insight into the selectivity of cyclin-dependent kinase (CDK) inhibitors [19] . In this case, the compounds were covalently attached to the dihydrofolate reductase (DHFR) inhibitor methotrexate via a PEG spacer. A DNA-binding domain was fused to DHFR, and cDNA libraries were used to express large numbers of proteins fused to an activation domain (Fig. 9c) . On binding to a protein, the CDK inhibitor-methotrexate conjugate brought the DNA binding and activation domains into close proximity, inducing detectable expression of the reporter gene. Interestingly, it was noted that the only targets identified for the CDK inhibitor purvalanol B were kinases, giving a wider context to the selectivity pattern. A detailed review of proteomic methods is available [83] .
The development of tandem mass spectrometry (MS) techniques for the parallel quantification of the protein content of cell lysates has provided a set of analytical methods that can be adapted for kinase inhibitor selectivity profiling [147] . In particular, the isobaric tags for relative and absolute quantification (iTRAQ) reporter reagents for labelling of peptides prior to MS analysis [122] have been used in conjunction with affinity chromatography to assess the affinities of kinase inhibitors for endogenously expressed protein kinases [16] . Affinity chromatography was conducted with beads coated with a mixed population of seven, non-selective kinase inhibitors (Fig. 9d) . This matrix was shown to effectively capture 183 distinct protein kinases from K562 tumour cell lysates. Three Bcr-Abl kinase inhibitors (dasatinib, imatinib, bosutinib) were added at different concentrations to the cell lysate before affinity chromatography. The bound proteins from the control and drug-treated affinity purifications were digested with trypsin and labelled with different iTRAQ reagents. The combined proteolytic digest was analysed by tandem MS to detect the variation in pull-down of kinases between the drug-treated and control samples. Dose-response curves for inhibitor binding to approximately 150 kinases were generated from these data. An alternative approach used competition of inhibitors with specific chemical-labelling probes for the kinase ATP binding site to derive modified peptides for MS analysis [111] . ADP-or ATP-bearing reactive terminal acyl groups, further substituted with a biotin group, were incubated with cell lysates (Fig. 9e) . The positions of the reactive acyl group of the probes, close to Fig. 9 Schematic showing measurement of inhibitor selectivity using a a microarray of immobilised kinases; b a microarray of immobilised substrate peptides; c the yeast-3-hybrid proteomic method (AD activation domain, BD DNA binding domain); d tandem MS detection of altered binding of cellular kinase proteins to an affinity matrix following treatment with an inhibitor; e tandem MS detection of competitive binding to kinases using a reactive chemical label conserved lysines at least one of which is present in almost all protein kinases, led to specific transfer of the biotinylated tag to the kinase. Approximately 75-80% of the enzymes in the human, mouse and dog kinomes were effectively labelled by these acyl phosphates. After trypsin digestion, biotinylated fragment peptides were captured using streptavidin-coated beads. Identification and quantification of the labelled peptides was achieved by tandem MS. As with the iTRAQ method discussed above, comparison of the labelled peptides obtained with inhibitor treated and control lysates allowed the construction of dose-response curves to determine inhibitorbinding affinities. The selectivity profile obtained for staurosporine using this technique contained anomalies when compared to that produced by conventional biochemical or phage-display methods, with the affinities for some kinases being two orders of magnitude less than the values reported from phage-display. Differences in activation state between recombinant enzymes and endogenously expressed full-length kinases may account for some of this variation. It has been suggested that the kinases from lysates are likely to preserve important post-translational modifications and protein partner interactions that will modify the activity of the enzymes, although the significance and biological relevance of these differences remains unclear [111] .
Understanding the limitations of in vitro kinase selectivity assays
Most of the assay formats described above are not conducted in cells, so how predictive are they of the selectivity of an inhibitor in a living organism? The difficulties encountered in translating in vitro biochemical selectivity data to the cellular context has been the subject of an excellent and detailed review by Knight and Shokat [81] . Encouragingly, these authors found that for several distinct chemotypes of kinase inhibitor, the biochemical affinities of a large set of compounds against three kinases did correlate with a target-specific cellular activity, for example phosphorylation of a downstream protein substrate or secretion of a protein. Nevertheless, there are numerous examples where observed cellular selectivity is not in agreement with the apparent biochemical selectivity profile of an inhibitor, some of which are described in the following section.
One factor that complicates the interpretation of in vitro kinase selectivity profiles is the co-dependence of the inhibitor potency on the intrinsic affinity of the inhibitor and the kinetics of the enzyme with respect to its cofactor, ATP. In a typical phosphorylation assay for reversible, ATP-competitive inhibitors, the inhibitor potency is expressed as an IC 50 value. This is a function of the intrinsic affinity of the inhibitor for the kinase (dissociation constant K i ) and the degree of competition from ATP. The latter varies with the concentration of ATP in the assay ([ATP]) and the affinity of the kinase for ATP (expressed as K m,ATP ), as described by the Cheng-Prusoff equation [34] .
When [ATP] is at or below the K m,ATP then measured IC 50 ∼K i . Kinase selectivity profiling is often carried out with [ATP] set to the approximate K m,ATP for each kinase tested so that the resulting selectivity profile directly reflects the intrinsic affinities of the inhibitors. The effect on the selectivity profile of testing compounds in phosphorylation assays at different fixed ATP concentrations rather than matching [ATP] to K m,ATP has been investigated [63] . It was found that ATP concentrations of 10 and 100 µM made little difference to the profile.
In cells, the [ATP] is generally much higher than K m,ATP and under these conditions, differences in K m,ATP between the enzymes can dominate over the intrinsic biochemical affinity in determining the inhibitor selectivity. Many protein kinases have K m,ATP in the range of 10-100 µM [81] , and for this group, there is usually a correlation of changes in biochemical affinity with potency in cells, i.e. there is a reasonable expectation that selectivity patterns in vitro can manifest in cells. However, there are also significant outliers with very high or low values for K m,ATP . An inhibitor with apparently equivalent intrinsic affinity for two kinases in a biochemical assay will inhibit one kinase more potently in cells if its K m,ATP is significantly higher. The interplay of inhibitor K i , kinase K m,ATP and the concentration of ATP is illustrated in the hypothetical example in Table 2 for an inhibitor with an intrinsic affinity K i = 10 nM tested against three kinases of increasing K m,ATP under conditions of increasing [ATP] . Such analysis can be used to estimate the approximate concentrations at which, for example, 50% occupancy of Values calculated using the Cheng-Prusoff equation.
[ATP] in cells is typically estimated at 1-5 mM the kinase binding site in cells should be achieved with a given inhibitor [6, 27] . However, it is important to note that this assumes no limits to cell permeability of the compound, which may further reduce the potency achieved in cellular assays. Moreover, although the occupancy of the active site may reflect engagement of the inhibitor with the target enzyme as measured, for example, in a binding assay or a direct measurement of an immediate downstream phosphorylation by the kinase, it does not guarantee the same response in a broader phenotypic assay, e.g. growth inhibition, which depends also on the sensitivity to perturbation of the signalling network in which the kinase participates [27] . Not all kinases can be used in biochemical assays in their full-length form and may require removal of transmembrane or regulatory domains. The partial protein constructs or isolated kinase domains available for in vitro experiments may have different activity from the native enzymes, i.e. different K m,ATP which will be reflected in the selectivity profile. The differences between protein constructs may be particularly apparent when assaying allosteric kinase inhibitors. For example, potent allosteric inhibitors of Akt require the presence of the pleckstrin homology (PH) domain of the kinase to show inhibitory activity [17] and will not inhibit phosphorylation by the isolated kinase domain of the protein. The inhibitor binding site has been shown to be located between the kinase and PH domains [28] .
A further complication arises when the selectivity profiles of inhibitors that bind and stabilise inactive kinase conformations are considered. Phosphorylation assays depend on the presence of active kinase in the assay to generate a detectable phosphorylated substrate. If there is a dynamic equilibrium between active and inactive conformations of a kinase under the conditions of the assay, then inhibitors that only bind and stabilise the inactive conformation may still be detectable, since stabilisation of the inactive form depletes the amount of active kinase and inhibits the phosphorylation reaction. However, the interconversion of active and inactive conformations of kinases in vivo is more complex, being actively regulated by other enzymes, i.e. other kinases and phosphatases or binding partners. In these circumstances, competitive binding assays to unactivated forms of the kinase may be a more appropriate way to assess the inhibitor affinities.
The in vitro profiling methods have advantages of consistency and scale, allowing many compounds and many kinases to be screened in as similar conditions as possible. Decisions on whether to use a binding assay or measure phosphorylation, whether to use colorimetric, fluorescent, radiometric or luminescence endpoints and what format to use are all important. It has been noted that different assay formats can give different results, so one approach is to carry out a number of assay types in parallel to look for consistent patterns [78, 107, 128] .
Overall, in vitro selectivity assays can give insight into a fundamental property of the small molecule inhibitors: their intrinsic affinities for the different biological targets. The possibility of any targeted pharmacological effect is contingent on an interaction at the molecular level. The kinase selectivity patterns of compounds do give useful insight into the possible interactions an inhibitor can participate in and how that varies with structure. However, the biological significance of any selectivity pattern must be interpreted in the context of the cellular and tissue biology of the potential targets.
Kinase selectivity profiling in cells
There have been a number of cellular assays developed in order to address the limitations of in vitro kinase profiling. Fluorescence resonance energy transfer (FRET) assays give a fluorescent signal when a donor and acceptor fluorophore are in close proximity, as happens when a phosphorylated peptide attached to one fluorophore is recognised by a phosphospecific antibody attached to the other. Recent improvements in the sensitivity of the assay by introducing metal-chelating fluorophores, unnatural amino acids incorporating fluorophores and engineering the peptide substrate have not only allowed FRET to be used in cells but also enabled more than one protein to be monitored at once [4, 137] . This has been developed for the high-throughput screening of compounds against kinases in a 96-well plate format using HEK-293 (human) cells. Although different reporters are needed for different kinases, many have already been developed, and one could see this approach being used to look at kinase selectivity in cells [2] .
A further approach describes the use of yeast cells with individually engineered kinases being used to map a transcriptional profile resulting from selective inhibition in the cell [85] . The kinases are expressed with a mutation in the ATP binding site that renders them sensitive to an ATP analogue that is usually too large to bind and, thus, has no effect on the wild-type enzymes. The effect of specific inhibition of each kinase in the cell can, therefore, be observed separately on gene expression microarrays. The cellular targets of a novel small molecule inhibitor in cells can be inferred from comparing the observed transcription profile with that due to inhibition of the single mutated kinases. It has been pointed out that although many targets can be identified in theory, the data may be difficult to interpret when many kinases are being inhibited, and the technique may be most useful for relatively selective compounds [11] .
A cellular assay which can be used for high-throughput screening in 1,536-well format has been described [103] . To evaluate the assay in comparison to biochemical assays, 35 tyrosine kinases were screened against about 1,400 inhibitors. A library was generated containing an engineered panel of 35 Ba/F3 mouse cell lines each having a tyrosine kinase domain fused to a constitutively activating receptor/dimerisation domain. Compounds were cytotoxic if they inhibited the particular TK expressed in that cell line, enabling quantification of the inhibitory activity.
Comparison to in vitro enzymatic assays showed very variable correlation. Many compounds which were active in cells showed activity in the biochemical assay. However, there were also instances where compounds which had nanomolar activity in the cellular assay only partially inhibited the relevant kinase at 10 µM in the biochemical assay. Some of these discrepancies were attributed to inhibitors targeting inactive kinase conformations which would only be present in low abundance in the biochemical assay.
An example where kinase selectivity in vitro was shown to translate to the cellular context was seen with ATPcompetitive inhibitors of Akt [92] . The inhibitor 1 (Fig. 10a ) was 30-fold selective for PKA over Akt in a biochemical assay. The selectivity in cells was probed by monitoring the specific, and different, downstream effects of inhibiting these enzymes, where a similar selectivity for inhibition of PKA over Akt was observed. It is noteworthy that the phenotypic effects of inhibition of different kinases may require different assay formats for detection. Another example illustrates the case where in vitro selectivity does not translate to an equivalent cellular selectivity [126] . A differential in sensitivity was observed in cells with an inhibitor with no intrinsic difference in affinity for two kinases. The CDK1 inhibitor BMI-1026 (Fig. 10b) showed similar potency against CDK1 and CDK2 (8 and 2 nM IC 50 s, respectively) in biochemical assays. However, on treating cells at 40 nM, only CDK1-dependent cell cycle arrest could be seen. Although at higher concentrations, CDK2-dependent cell cycle arrest was also observed, the results suggested that this cell line was inherently more sensitive to CDK1 inhibition. Compound 2 (Fig. 10c) also illustrates a case where in vitro selectivity and cellular selectivity do not correlate [86] . Here, biochemical assays showed 2 to be 20-fold selective for inhibition of CDK1 over Pho85. However, in cells, only an effect due to inhibition of Pho85 was observed. This was attributed to a differential sensitivity between CDK1 and Pho85 to inhibition.
Although the intrinsic affinities of inhibitors may often be reflected in their phenotypes in cellular systems, it can also be seen that the selectivity of compounds may change between biochemical and cellular assays. This could result from differences in K m,ATP of the kinases as discussed above, differences in the abundance of the kinases in the cells or differences in the sensitivity of the cells to inhibition of particular pathways. This last factor may enhance the cellular selectivity of a small molecule if the intrinsic inhibitor affinities and the inherent pathway sensitivities align. In interpreting the in vitro data, it might be necessary to attain a large threshold, perhaps 1,000-or 10,000-fold selective, in order to be assured that the in vitro kinase selectivity will dominate in the cellular context. For this reason, it is important to test compounds in relevant cellular assays, although biochemical kinase profiling remains a useful and tractable first step in looking broadly at the potential activities and selectivity of compounds across the kinome.
There are additional factors to consider when moving from cells into living organisms that will affect the translation of a biochemical or cellular selectivity profile into physiological effects. Differential distribution of the drug to tissues, coupled with the possibility of differential expression of kinases between tissues, will modify the significance of the apparent selectivity profile. For example, although Sorafenib was rationally designed to inhibit Raf kinase, and has good potency on this target, it also inhibits a number of other kinases, including many of the growth factor receptor tyrosine kinases which are involved in angiogenesis. Some of the clinical efficacy of the drug can be ascribed to inhibition of these kinases in normal blood vessel epithelia, preventing development of new blood supply from surrounding tissue to the tumour, in addition to the inhibition of enzymes in the tumour cells themselves [140] .
Analysing and quantifying kinase selectivity
As has been described, there are a number of ways of measuring the inhibitory activity of a compound against a number of kinases, but how can this be analysed and quantified? This is a complex question which has been addressed in various ways. Tabulation of results allows all data to be seen. This is a great benefit but does not readily give a simple answer to the question, 'which inhibitor is the most specific?'. Other ways of looking at the results include plotting them onto a kinase dendrogram [100] , which is particularly useful for looking at the pattern of inhibition, but does not always differentiate between those kinases against which the inhibitor was shown to be inactive and those against which it was not tested. It is also possible that the kinome dendrogram, which delineates the similarity of the amino acid sequences, does not always show the kinases grouped in the most relevant way for chemical biology and drug discovery. It has been noted that although inhibitors often only inhibit kinases in the same family, other compounds may show some activity in many different families of kinases [77] . Although the total amino acid sequences may be similar in two kinases, they may fold to form different three-dimensional structures at the ATP binding site. Conversely, two kinases with quite different amino acid sequences from different families may be more similar at the ATP site and form a very similar shaped pocket. Thus in chemogenomics, the structure-activity relationships (SAR) of inhibitors and their relationship to the identity of important amino acid residues which form the ATP binding site are considered when defining the determinants of inhibitor specificity [66, 79] . In one such study, SAR were used to redesign the traditional Sugen kinome dendrogram [100] . It was noted that many of the kinases which are closely related in the phylogenetic dendrogram remain clustered in the SAR similarity dendrogram, but there were also some significant differences [15] .
Researchers at Ambit Biosciences have suggested one way of quantifying the selectivity, the selectivity score (S) [77] . This is calculated by dividing the number of kinases for which the inhibitor binds with a K d lower than a specific value (e.g. 3 µM) by the number of kinases tested (generating an S (3 µM) , for example). A value of S = 1 indicates a completely unselective inhibitor and values closer to zero characterise more selective compounds. This of course can be used to calculate an S value at any concentration and using either IC 50 or single point percentage inhibition data. The same authors also looked at the number and distribution of kinases that should be screened for a good estimation of selectivity across the kinome. Their results suggested that where smaller panels were used, having a representative number from each family was better than selecting the kinases completely randomly. They also noted that the smaller the panel of kinases, the larger the variation in S.
Another measure of selectivity is the Gini co-efficient (G) [63] . This is a more complex calculation and involves ranking the inhibition potencies and plotting the Lorenz curve (cumulative fraction of total inhibition against cumulative fraction of kinases). The more this curve is displaced from the straight diagonal, which corresponds to all kinases being inhibited to the same degree, the more selective the compound is. The displacement is represented by the coefficient G, where a value of G = 0 indicates a completely unselective compound and inhibitor specificity increases as G approaches unity. The effect of variation of the size of the kinase panel on the Gini coefficient was studied and larger panels were preferred as the standard deviation in the coefficient was lower. A panel of at least 50 kinases was suggested as a minimum.
These calculations give an overall idea of specificity, the degree to which activity is concentrated against one defined target, but they do not take into account the pattern of selectivity of a compound for a family or subset of kinases. In the example shown in Fig. 11 , three low molecular weight compounds based on the same chemical scaffold were tested against a limited panel of 24 kinases at a concentration of 30 µM ( [131] ; Smyth et al. unpublished results). Comparison of the Gini coefficients and S values for 3 and 4 indicates that both score 3 as having greater specificity than 4, i.e. the total inhibitory activity observed is concentrated in fewer enzymes for 3 than for 4. It can be seen from the dendrogram plots that 3 appears to be selective for a set of tyrosine kinases while 4 inhibits mainly AGC and CK1 sub-family members. The dendrogram of compound 5 shows an apparently higher specificity, with inhibition of one kinase in the CK1 subfamily dominating the pattern. The S value reflects this, being considerably lower than for either 3 or 4. However, the Gini coefficient does not indicate a better specificity than compound 3. This highlights the difference in the mathematical techniques between scoring inhibition relative to a single cut-off or using a cumulative approach. In this example, both coefficients are calculated using single concentration, percentage inhibition data. For the S value, S (40%) was scored relative to 40% inhibition at 30 µM of the inhibitor, with activity below this threshold not counting as a hit. This approach is mirrored in the dendrogram plots presented here where threshold levels are used. In calculating the Gini coefficient the percentage inhibition at all the kinases tested is incorporated, including the many for which low inhibition is measured. From the point of view of achieving controlled polypharmacology profiles in new kinase inhibitors, both considerations of the degree and the pattern of selectivity are important. Selectivity patterns such as those exhibited by 3 and 4, if repeated in a larger panel of kinases, and if constant within a series of structural analogues as potency was increased, might represent useful starting points for developing inhibitors with defined and qualitatively different polypharmacology.
Predicting specificity and selectivity
As kinase screening becomes more common, there have been many different approaches suggested for improving specificity and selectivity. The multiplexing of highthroughput screening so that compound libraries are screened against many kinases in parallel has been proposed as an alternative to single target-centric discovery of new starting points for drug discovery [61] . The availability of the miniaturised and high-throughput methods discussed earlier makes this a realistic proposition. Researchers at Vertex proposed a pharmacophore for kinase 'frequent hitters' which involved comparing the structures of inhibitors shown to have activity on a set of five protein kinases [9] . The pharmacophore is suggested as a filter to remove promiscuous inhibitors from screening libraries or as the start-point for new medicinal chemistry projects. The '2-0 rule' has also been introduced to help identify likely kinase inhibitors [8] . The '2-0 rule' states that a compound is likely to have kinase activity if it contains: two or more heteroaromatic nitrogens, one or more heteroaromatic NH groups, one or more aniline and one or more nitriles. This can be used to avoid common motifs or to identify potential new kinase inhibitor scaffolds, with a 5-fold enrichment in the probability of identifying a kinase inhibitor motif found in the test set.
X-ray crystallography data are particularly valuable in examining in detail the differences between the ATP binding site in active and inactive conformations or between different kinases [91, 101] . Where co-crystal structures of kinases with various compounds from the same chemical class are solved, these can be used to improve the specificity by structure-based design [52, 53] . For example, a single amino acid difference was found to be the major determinant of selectivity for Akt versus PKA (www.cellsignal.com). With sponsorship by Cell Signaling Technology and Sugen, the figure was originally presented as a poster in Science to accompany the first analysis of the complete human kinome [100] in two series of Akt inhibitors [27, 45] . A library of fragments has been screened against 10 kinases to investigate if these very low molecular weight compounds show intrinsic specificity [1] . It was noted that even the fragments had some selectivity pattern, inhibiting only one or two kinases at test concentrations of 1-100 μM. The fragments were elaborated using X-ray crystallography as one of the main tools to make decisions about where to add new functional groups. When the fragments were grown to these larger inhibitors, sub-micromolar inhibitory activity was seen on all kinases tested, but most compounds only hit one or two kinases very potently.
Other ways of predicting possible kinase targets for compounds are to compare the amino acid sequences of the catalytic sites or particular residues within them [127] . One very important residue in distinguishing between inhibitors is the gatekeeper residue. This is found at the entrance to the hydrophobic pocket. If the residue is small, the hydrophobic pocket is accessible, but larger gatekeepers block this pocket and stop inhibitors which occupy this part of the catalytic domain from binding. For example, compound 3 ( Fig. 11 ) inhibited five out of seven tyrosine kinases tested. The five kinases, in which compound 3 was active, all had a serine gatekeeper. The two kinases which were not inhibited at the test concentration had larger methionine and leucine gatekeeper residues, suggesting a possible rationale for the observed selectivity.
In addition to looking at the kinase structure, the available structure-activity data can be used to look for kinases that are inhibited by structurally similar compounds [102, 125] . The distances between key features in the kinases and in possible inhibitors can be compared [138] . These and other similar in silico methods are part of what has become known as 'chemogenomics', 'the discovery and description of all possible drugs for all possible drug targets' [30] . Several groups have looked at using a selection of these methods in order to predict which kinases will be inhibited by a compound. Some good correlations between calculated and experimental data were found as long as the compounds used for training were sufficiently structurally similar to those subsequently tested [21, 26, 66] . An analysis of the binding modes of many kinase inhibitors, as determined by X-ray crystallography, has suggested simple rules-of-thumb for predicting the orientation of typical ATP-competitive inhibitor scaffolds within the binding site [58] .
Conclusions
There have been great advances over the last decade in measuring and predicting kinase selectivity and obtaining more selective kinase inhibitors. Multiple methods are available for profiling the activity of kinase inhibitors in vitro and in cells. In vitro methods give insight into the intrinsic pattern of affinities of small molecules for their enzymic targets. However, these intrinsic selectivity patterns may be modified when translated to cells. To obtain a good understanding of the selectivity profile, multiple screens should be run in both enzymatic and cellular formats. It is already apparent that the treatment of disease could benefit from developing drugs with a controlled kinase polypharmacology. Measuring, understanding and predicting the selectivity of small molecule kinase inhibitors will be essential in the development of such therapies.
